ABSTRACT. The Soil Moisture and Ocean Salinity (SMOS) satellite's L-band (1.4 GHz) measurements have been used to retrieve snow thickness over thick sea ice in a previous study. Here we consider brightness temperature simulations for 2.5-4.5 m thick Arctic multi-year ice and compare the results of the relatively simple emission model (M2013) used previously for the retrieval with simulations from a more complex model (T2011) that combines a sea-ice version of the Microwave Emission Model for Layered Snowpacks (MEMLS) with a thermodynamic model. We find that L-band brightness temperature is mainly determined by ice temperature. In the M2013 model, ice temperature in turn is mainly determined by surface temperature and snow thickness, and this dependence has been used previously to explain the potential for a snow thickness retrieval. Our comparisons suggest that the M2013 retrieval model may benefit from a more sophisticated thermodynamic calculation of the ice temperature or from using independent temperature data (e.g. from 6 GHz channels). In both models, horizontally polarized brightness temperatures increase with snow thickness while holding surface temperature, ice thickness and snow density near constant. The increase in the T2011 model is steeper than in M2013, suggesting a higher sensitivity to snow thickness than found earlier.
INTRODUCTION
The surface energy balance in polar regions is largely determined by the snow on sea ice, mainly due to the high albedo and the low thermal conductivity of snow. Additionally, snow modifies the surface radiative properties of sea ice and thus the signal observed from satellites. More explicitly, information on snow thickness is required for the freeboardbased estimation of sea-ice thickness from lidar and radar altimetry (Giles and others, 2007; Kwok and Cunningham, 2008) . In a first study on the potential for retrieving snow thickness from Soil Moisture and Ocean Salinity (SMOS) satellite data, a relatively simple emission model was used to retrieve snow thickness, and these SMOS-retrieved snow thicknesses were compared with airborne snow radar measurements (Maaß and others, 2013 ). Here we compare this emission model with a more sophisticated combined emission and thermodynamic model (Tonboe and others, 2011) and investigate the implications for a potential snow thickness retrieval from SMOS brightness temperatures.
To date, the most comprehensive snow dataset for the Arctic Ocean is based on snow thickness and density measurements from Soviet drifting stations between 1954 and 1991 (Warren and others, 1999 . However, it is not clear how well this climatology represents present-day snow conditions (Kurtz and Farrell, 2011) . Recent changes in the Arctic hydrological cycle have been observed to result in a pronounced decline in summer snowfall over the Arctic Ocean and the Canadian Arctic Archipelago during 1989 -2009 (Screen and Simmonds, 2012 , and model projections have suggested a considerable decline in spring snow thickness over the 21st century (Hezel and others, 2012) . While the airborne radar measurements of NASA's Operation IceBridge mission provided the first cross-basin surveys of snow thickness over Arctic sea ice (Kwok and others, 2011), airborne remote sensing is, in general, spatially and temporally restricted to individual campaigns. Continuous retrievals of snow thickness are provided by passive microwave satellite measurements, using the spectral gradient ratio of the 19 and 37 GHz vertical polarization channels (e.g. Markus and Cavalieri, 1998) . However, surface roughness variations introduce uncertainties to this method (Stroeve and others, 2006) , and the method is only applicable to dry snow conditions and only to Antarctic sea ice and first-year ice in the Arctic, but not to multi-year ice (Comiso and others, 2003) .
A first satellite-based method to estimate snow thickness over thick multi-year ice from microwave radiometer measurements used data from the European Space Agency's SMOS mission (Maaß and others, 2013) . The SMOS mission carries the first satellite-based passive microwave radiometer that continuously measures radiation emitted from the Earth at a frequency of 1.4 GHz in the L-band. The mission was successfully launched in 2009, and, since spring 2010, observations have been made available to scientific and operational users (Mecklenburg and others, 2012) . Although designed to provide global estimates of soil moisture and ocean salinity, L-band brightness temperatures measured by SMOS have been used to retrieve thin sea-ice thickness (Kaleschke and others, 2012; Tian-Kunze and others, 2013; Huntemann and others, 2014) . In contrast to the retrieval models used to retrieve ice thickness from SMOS in these studies, the emission model presented by Maaß and others (2013) contained a snow layer on top of the sea ice. They used an emission model that is based on the solution of the radiative transfer equation as presented by Burke and others (1979) . In their study, implementing a snow cover caused the modeled brightness temperatures on thick sea ice to increase by about 10-13 K at low incidence angles 158, and at higher incidence angles (508 608) brightness temperatures increased by $26 K at horizontal and by 3 K at vertical polarization. According to their model, this increase was caused by low reflectivities at the air/snow and snow/ice boundaries as compared to the reflectivity of the previously considered air/ice boundary. In addition, they found that brightness temperatures in the model increased with snow thickness due to the thermal insulation effect of snow and its dependence on the snow layer thickness. For the considered relatively cold multi-year ice conditions (surface temperature -338C; ice salinity 1.5; snow density 300 kg m À3 ; ice thickness 4 m) the modeled brightness temperatures at horizontal polarization ( ¼ 458) increased by $6 K for a snow thickness increase of 0.40 m. A first sensitivity analysis with the emission model suggested that, within the expected range of variability, the sensitivity of brightness temperature to snow thickness is higher than to the other considered ice parameters. A first comparison of SMOS-retrieved snow thicknesses with airborne snow radar measurements during the Operation IceBridge campaign showed that agreement was best for snow thicknesses less than 0.35 m. For these snow thicknesses and the most suitable assumptions on the ice conditions in the model, average snow thicknesses agreed within 0.1 cm; the root-mean-square deviation was 5.5 cm and the coefficient of determination r 2 = 0.58. Here we try to assess how realistically the relatively simple emission model used in the first SMOS snow thickness retrieval study (Maaß and others, 2013) describes the sensitivity of brightness temperature to snow thickness and the impact of the ice conditions (e.g. ice temperature, snow density, ice salinity). As far as we know, there are no comprehensive measurements of the required ice parameters on a scale comparable to SMOS measurements, which have footprints on the order of 35-50 km. Thus, for comparison we use the output of a more sophisticated model that combines a sea-ice version of the Microwave Emission Model for Layered Snowpacks (MEMLS) with a thermodynamic model (Tonboe and others, 2011) . This model takes into account more ice parameters than the simpler model used by Maaß and others (2013) and is driven by meteorological reanalysis data. The MEMLS-based model has been used to simulate a 9 month time series of L-band brightness temperatures ( ¼ 508) for multi-year sea ice in the Arctic. Here we use the thermodynamically simulated ice parameters of the combined model to simulate brightness temperatures with our simpler model and compare these brightness temperatures with the MEMLS-based simulations. We investigate whether the previously used relatively simple model is sufficient as a retrieval model or what improvements could be made. Additionally, we use the MEMLS-based model to verify the dependence between L-band brightness temperatures and snow thickness, which is the basis for a potential SMOS snow thickness retrieval over thick sea ice.
MODELS Emission model for SMOS retrieval
In contrast to the first approaches to retrieve ice thickness from SMOS L-band brightness temperatures (e.g. Kaleschke and others, 2012) , the emission model presented by Maaß and others (2013) accounts for a snow layer on top of the ice. This model is referred to as M2013 in the following. The M2013 model is based on the emission model described by Burke and others (1979) , which is used to consider a semiinfinite (half-space) layer of air on top, a layer of snow on top of a layer of ice, and a semi-infinite layer of sea water at the bottom. The emission model describes the brightness temperature above snow-covered sea ice as a function of the water temperature and permittivity, and of the temperatures, permittivities and thicknesses of the snow and the ice layer, respectively. In the model, the permittivities are calculated from empirical relationships. Water permittivity mainly depends on water temperature and salinity (Klein and Swift, 1977) . Ice permittivity can be approximately described as a function of brine volume fraction (Vant and others, 1978) , which depends on ice salinity and the densities of the ice and the brine (Cox and Weeks, 1983) , which in turn mainly depend on ice temperature (Pounder, 1965; Cox and Weeks, 1983) . The permittivity of dry snow can be estimated from snow density and snow temperature (Tiuri and others, 1984) . If not given as input to the M2013 model, the bulk temperatures of the snow and the ice layer are estimated from the surface temperature, using a simple heat transfer equation (Untersteiner, 1964; Maykut and Untersteiner, 1971) and climatological values for the thermal conductivities of ice and snow (Yu and Rothrock, 1996) . As a result, the snowcover thickness affects the ice temperature in the model. In Maaß and others (2013), this impact is assumed to be the main reason for the (indirect) dependence between the brightness temperature and the snow thickness and is the basis for their snow thickness retrieval over thick ice. Thus, the relationship between ice surface temperature T SURFACE and snow/ice interface temperature T SNOWÀICE (from which the bulk ice temperature is inferred by assuming a constant temperature gradient in the ice) is essential, and here we apply two different approaches to compare brightness temperatures derived from the M2013 model with those derived from the more sophisticated MEMLS-based model (Tonboe and others, 2011), which is referred to as T2011 throughout this study and is introduced in the next subsection. We compare T2011 brightness temperatures with (1) brightness temperatures as obtained from the M2013 model when using the T2011 model's T SURFACE as input parameter and calculating the ice temperature from the simple heat transfer equation in the M2013 model (denoted by Tb) or with (2) brightness temperatures as obtained from the M2013 model when using both T SURFACE and T SNOWÀICE from the T2011 simulations as input parameters (denoted by Tb Ã ). By using the comparisons with Tb Ã , we evaluate the potential of the emissivity calculations in the M2013 model independently of the embedded simple heat equation model, whereas Tb is used to identify the difference between the previously used retrieval approach and the T2011 model with regard to the potential for a snow thickness retrieval from L-band measurements.
The input parameters for the M2013 model are sea-water temperature, sea-water salinity, surface temperature (and optionally snow/ice interface temperature), bulk ice salinity, bulk snow density, and the ice and snow thicknesses. For the simulations presented here, we assume that the water has a salinity of 33, is at the freezing point of sea water and has a constant water temperature of -1.88C. In this study, the remaining input parameters of the M2013 model are provided by the T2011 model.
Combined thermodynamic and emission model
Our relatively simple M2013 model presented above is compared to a more sophisticated combined thermodynamic and emission model, which is described by Tonboe and others (2011) . In this T2011 model, a one-dimensional snow and ice thermodynamic model is driven by the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis ERA40 data, namely the surface air pressure, the 2 m air temperature, the 10 m wind speed, the incoming shortwave solar radiation and longwave radiation, the dew-point temperature and the precipitation data. The thermodynamic model has been developed to provide realistic microphysical input from these parameters to the emission model. The emission model is a sea-ice version (Tonboe and others, 2006) of MEMLS (Wiesmann and Mätzler, 1999 ). The T2011 model has a time step of 6 hours. The vertical resolution in the ice is 0.05 m, while the vertical resolution in the snowpack depends on individual precipitation events and the subsequent metamorphosis. The output parameters of the thermodynamic model are, for example, the snow freeboard, snow and ice thickness, the surface density and temperature, the correlation length of the surface snow, the snow/ice interface temperature, the average snow density, the average correlation length of the snow, and the average snow temperature and salinity.
The combined thermodynamic and emission model T2011 was used to simulate the 1.4 GHz brightness temperature at 508 incidence angle at horizontal and vertical polarization for six locations of multi-year ice in the Arctic (Fig. 1) . The simulations were performed for the period 1 September 1999 to 31 May 2000 and were initiated with an isothermal 2.5 m thick ice floe at 270 K with a 5 cm thick layer of old snow on top. In each simulation, the ice thickness gradually increases from 2.5 m to almost 4.5 m at the end of the simulation period. The initial salinity profile consists of low salinities (0.5-1.0) in the upper 0.2 m of ice and a constant salinity of 2.5 in the rest of the ice column. The salinity of newly formed ice at the ice/water interface depends on growth rate. As input to the M2013 model we use bulk ice salinity, i.e. the average salinity over the ice column. As new ice forms at the bottom of the multi-year ice, bulk ice salinity gradually increases from 2.4 at the beginning of the simulations to $3.6 at the end because the relative fraction of the more saline ice formed during the current ice growth season gradually increases. Figure 2 shows the time series of the horizontally and vertically polarized brightness temperatures at 1.4 GHz for an incidence angle = 508 as simulated with the T2011 model from 1 September 1999 to 31 May 2000. Additionally, we show the T2011 simulations of the ice parameters that are input parameters to the M2013 model and the brightness temperatures simulated with the M2013 model using these parameters. From a first visual inspection of the time series, the following may be observed:
RESULTS

Comparison of brightness temperatures from the two models
1. At the beginning of the simulations, the T2011 simulations for horizontal polarization exhibit a very high variability and show very high values.
2. In general, the T2011 model simulations show a higher variability of brightness temperatures at both polarizations than the simulations with the M2013 model.
3. In the first part of simulation No. 3, the snow density takes very high values, up to >900 kg m À3 , causing the brightness temperature at horizontal polarization to decrease considerably, according to both the T2011 and the M2013 model. These high density values occur when a precipitation event coincides with air temperatures above 08C. The resulting precipitation is assumed to be rain, which then freezes when the temperature falls below 08C, so the considered layer has the density of pure ice. However, as there is no mechanism for drainage in the model, it treats this layer as snow.
In order to further investigate the brightness temperatures modeled with the T2011 and the M2013 model, and the main factors controlling their evolution, we take all brightness temperatures from all six simulations and all time steps to compare the results. However, due to findings 1 and 3 above, we exclude some simulations from the correlation analysis below: The T2011 simulations start with a prescribed initial profile and need some time to adjust to the observed situation. Thus, we exclude the brightness temperature simulations of the first 100 time steps, i.e. of the first 25 days. Additionally, because the simulations with very high snow densities behave exceptionally, we exclude simulations with snow > 600 kg m À3 from the correlation analysis. A more quantitative analysis reveals the following findings and their implications for further comparisons:
1. At horizontal polarization, the T2011 brightness temperatures can be divided roughly into two regimes if we consider the ice covered by a relatively thin and light snow layer separately from the ice covered by a snow layer with a high density and/or thickness. The separation appears to be most successful (in terms of explaining the resulting two distinct clusters of brightness temperatures) when we divide the simulations into two approximately commensurate clusters by separating the simulations assigned a snow density of snow 400 kg m À3 and a snow thickness of d snow 0.25 m from the remaining simulations (Fig. 3). 2. In the M2013 model, the snow/ice interface temperature T SNOWÀICE is almost a linear function of the surface temperature T SURFACE of the snow-covered sea ice, while in the T2011 model, T SNOWÀICE is influenced more by other parameters (Fig. 4) . Separating the results for a relatively light and thin snow cover from the remaining cases leads to a distinct separation of T SNOWÀICE as a function of T SURFACE in the M2013 model, but not in the T2011 model. As mentioned before, due to the different approaches used to determine T SNOWÀICE (and thus the ice temperature) in the two models, we either use both T SURFACE and T SNOWÀICE from the T2011 simulations (Tb Ã ; see Figs 5-7), or only T SURFACE from the T2011 simulations (Tb; see Table 1 ; Figs 2 and 8), as input to the M2013 model.
The comparison of all brightness temperatures at horizontal polarization as obtained from the T2011 and the M2013 emission model (Tb Ã ) confirms that the T2011 simulations cover a broader range of brightness temperature values (Fig. 5) . Separating the simulations with respect to their snow density and snow thickness appears to explain the two observed clusters. The coefficients of determination, i.e. the squared correlation coefficients (Fig. 5) , are r 2 ¼ 0.84 for simulations with a relatively light and thin snow cover and 0.53 for the remaining simulations. At vertical polarization, snow density and snow thickness have a negligible impact on brightness temperatures (Fig. 5) , and we determine only one coefficient of determination. The vertically polarized brightness temperatures from the T2011 and the M2013 model agree better (r 2 = 0.95) than the horizontally polarized brightness temperatures. Yet, at vertical polarization, brightness temperatures in the M2013 model are generally higher than in the T2011 model, and their difference increases with decreasing brightness temperature. For comparison, if we use only the surface temperature from the T2011 model as input to the M2013 model and estimate ice temperature with the simple heat transfer equation given in the M2013 model, agreement between the brightness temperatures from the M2013 (Tb) and the T2011 model is lower, as indicated, for example, by the corresponding coefficients of determination, which are r 2 ¼ 0.72 and 0.34 at horizontal polarization, and 0.65 at vertical polarization (compared to 0.84, 0.53 and 0.95 for Tb Ã ). The next step is to identify which ice parameters mainly determine brightness temperature. At horizontal polarization, the brightness temperature in the M2013 model (Tb Ã ) is mainly determined by T SNOWÀICE (Fig. 6) , and thus, because we assume a linear temperature gradient within the ice, by bulk ice temperature. If we assume a linear relationship between T SNOWÀICE and brightness temperature, T SNOWÀICE explains 95% of brightness temperature variability for the simulations considered here (i.e. r 2 = 0.95). For comparison, if we do not use T SNOWÀICE as an input to the M2013 model, but instead estimate T SNOWÀICE from T SURFACE and the ice conditions, using the simple heat equation in the M2013 model, the relationship between T SNOWÀICE and horizontally polarized M2013 brightness temperature (Tb) is weaker (r 2 = 0.61). For the T2011 model, the impact of T SNOWÀICE on the horizontally polarized brightness temperature is lower (Fig. 6) than for the M2013 model, although T SNOWÀICE can still be interpreted as accounting for more than half of the brightness temperature variability: r 2 = 0.89 for cases with a relatively light and thin snow cover and 0.55 for the remaining cases. Because, at vertical polarization, cases with a relatively light and thin snow cover do not differ from the remaining cases, we consider all simulations together in Figure 7 . Both models suggest that brightness temperature at vertical polarization is almost solely a function of T SNOWÀICE : the coefficients of determination for the two parameters are r 2 = 0.97 for the T2011 model and 0.99 for the M2013 model (Tb Ã ). For comparison, r 2 is 0.73 if only T SURFACE is used as input to the M2013 model (Tb). For high snow/ice interface temperatures, the brightness temperatures from the two models are similar, while the difference increases for lower snow/ice interface temperatures (Fig. 7) .
Impact of ice parameters on potential snow thickness retrieval
Here we investigate the differences between the two models in terms of the potential for snow thickness retrieval from L-band brightness temperatures and the impact of ice conditions. In the M2013 model, the relationship between surface temperature and ice temperature is mainly determined by snow thickness, and this dependence was the basis for a first retrieval of snow thickness from L-band brightness temperatures over thick sea ice (Maaß and others, 2013) . Thus, we now consider the M2013 brightness temperatures as simulated for the surface temperatures from the T2011 simulations and for the ice temperature as estimated within the M2013 model (Tb). In the first part of this section, we found that ice temperature is the main ice parameter influencing brightness temperature. In order to exclude the influence of the surface temperature, we keep it at a constant value by selecting only data with specific surface temperatures from the whole simulation dataset. Thus, we try to investigate which of the remaining ice parameters significantly influence brightness temperature.
Correlation analyses (not shown here) indicate that the main factors influencing the simulated brightness temperatures and the ice temperature are snow thickness d SNOW , ice thickness d ICE and snow density SNOW . In order to further investigate these parameters, we proceed as follows: , we select from the simulation dataset only the data associated with an almost constant surface temperature (AE1 K) and with roughly constant values for the two remaining parameters. This latter requirement is instantiated by selecting only the data in which these two remaining parameters are within 13-15% of their total variabilities (i.e. AE0.033 m for d SNOW , AE0.135 m for d ICE and AE20 kg m À3 for SNOW ). We then take into account all cases in which the considered parameter varies by at least 40% of its total variability and in which we find more than 50 simulations.
For these cases, we calculate the coefficients of determination between the T2011 simulations for the considered ice parameter (d SNOW , d ICE or SNOW ) and the brightness temperatures from the T2011 and the M2013 model. Additionally, we calculate the coefficient of determination between the considered ice parameter and the snow/ice interface temperatures as obtained from the two models. We use the average coefficients of determination as rough estimations of the considered parameter's impact (Table 1) . However, we find that the coefficients of determination are not very stable. If we change the maximum range for the parameters that are supposed to be constant, the minimum range for the considered parameter, or the minimum number of simulations found for each case, the values of the coefficients of determination change significantly. Thus, the presented values should be interpreted with caution. At horizontal polarization, the correlation analyses for the two models agree in that brightness temperature has the highest correlation with snow thickness and the lowest with snow density, when the respective remaining parameters are kept constant. In contrast, at vertical polarization, the M2013 model suggests a high correlation with snow thickness (r 2 = 0.82), while the correlation with snow thickness is low in the T2011 model (r 2 = 0.09), and the highest value for the T2011 model is found for ice thickness (r 2 = 0.37). As for brightness temperatures, the snow/ice interface temperature is mainly explained by snow thickness in the M2013 model (r 2 = 0.83), followed by ice thickness (r 2 = 0.36). In contrast, according to the T2011 model, correlations with all three considered parameters (d SNOW , d ICE , SNOW ) are relatively low. The two models agree relatively well regarding the dependency between the horizontally polarized brightness temperature and the snow thickness, suggesting that it may be possible to extract information on the snow thickness of thick sea ice from SMOS measurements. Thus, in Figure 8 the relationship between brightness temperature at horizontal polarization and snow thickness is shown for four different ice conditions (in terms of surface temperature, snow density and ice thickness).
Compared to the results in Table 1 , the constraints on surface temperature (AE2 K) and ice thickness (AE0.20 m) are somewhat less restrictive in Figure 8 (see figure caption) , and each example contains between 126 and 192 single simulations. Additionally, the coefficients of determination for these examples are calculated with respect to a root function (see Fig. 8 caption) . For all four considered ice conditions, brightness temperatures in the T2011 model increase more steeply with snow thickness than in the M2013 model. The coefficients of determination are between 0.43 and 0.84 with respect to a root function (see Fig. 8 ), and 0.02 lower each with respect to a linear function (not shown here).
DISCUSSION AND CONCLUSIONS
We found that over thick sea ice, brightness temperatures at horizontal and vertical polarization as modeled with the relatively simple M2013 model are mainly determined by ice temperature, which in turn is an almost linear function of surface temperature. If the surface temperature is constant, the ice temperature is mainly controlled by snow thickness, so brightness temperatures at both polarizations depend on snow thickness. Thus, according to the M2013 model, snow thickness appears to be retrievable from L-band brightness temperatures at 508 incidence angle at both polarizations, if the surface temperature is known. In the more sophisticated T2011 model, vertically polarized brightness temperatures are mainly determined by ice temperature, as in the M2013 model, whereas brightness temperatures at horizontal polarization are also influenced by other ice parameters. Because the relationship between ice temperature and ice conditions is more complex in the T2011 than in the M2013 model, the correlation between brightness temperature at vertical polarization and snow thickness is relatively weak in the T2011 model. However, brightness temperatures at horizontal polarization appear to depend on snow thickness, suggesting that the retrieval of snow thickness from L-band brightness temperatures at horizontal polarization is possible if information on the surface temperature is available (here within the range AE2 K), and some assumptions about ice thickness (here within the range AE0.20 m) and snow density (here within the range AE20 kg m À3 ) can be made. In contrast to higher microwave frequencies (Willmes and others, 2013), we did not find significant correlations between 1.4 GHz brightness temperatures and the scatterer correlation length, which is related to snow grain size, or snow surface density, for example. Surface roughness may have an impact on L-band brightness temperatures; however, with the considered emission models in their current states we cannot investigate this. In addition to the snow thickness retrieval uncertainty due to the assumptions about ice conditions, SMOS measurements contain radiometric noise. The radiometric accuracy of single SMOS measurements is about 2.1-2.4 K (personal communication from M. MartinNeira, 2013). While brightness temperature sensitivity to snow thickness as suggested by the M2013 model (about 3-4 K for a snow thickness increase of 0.30 m) thus implies the need for extensive temporal and spatial averaging of SMOS data, the radiometric accuracy appears to be a minor source of uncertainty according to the average sensitivity suggested by the T2011 model (about 30-40 K for a snow thickness increase of 0.30 m). However, the T2011 model showed higher variability for individual brightness temperature simulations than the M2013 model because the simulations are influenced by more parameters and consider multiple layers within the snow and ice. Our results for the more sophisticated T2011 model (Tonboe and others, 2011) appear to confirm that brightness temperatures at horizontal polarization increase with snow thickness, even more clearly than in the previously used retrieval model M2013 (Maaß and others, 2013) . In contrast, vertically polarized brightness temperatures in the T2011 model were almost independent of snow thickness. Thus, although brightness temperatures at vertical polarization showed better agreement between the two models, we conclude that a potential SMOS snow thickness retrieval should be based on data at horizontal polarization. Our comparison of the two models suggests that the simpler M2013 model may benefit from a more sophisticated implementation of the relationship between surface temperature and ice temperature. Alternatively, the snow/ice interface temperature may be inferred from Advanced Microwave Scanning Radiometer (AMSR) measurements at 6 GHz (Tonboe and others, 2011) and could be an independent input parameter to the SMOS retrieval model. For monitoring long-term changes in the Arctic, a combined ice and snow thickness product would be desirable and could be accomplished as follows: For CryoSat-2 ice thickness measurements, the uncertainty decreases with ice thickness (e.g. Alexandrov and others, 2010) , while it generally increases with ice thickness (and temperature) in the SMOS ice thickness retrieval. The CryoSat-2 and SMOS error estimations could thus be used to produce an errorweighted combined ice thickness map. Over thick ice, the ; the given coefficients of determination are calculated with respect to the corresponding fitted curves.
CryoSat-2 data could also be used as a rough estimation of ice thickness for the SMOS snow thickness retrieval, which could then possibly be used to (iteratively) refine the CryoSat-2 ice thickness retrieval. While AMSR measurements could provide some information on the snow/ice interface temperature, information on the (snow) surface temperature could be obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) measurements (Hall and others, 2004) . Including these supplementary satellite data may be beneficial for both the SMOS ice and snow thickness retrieval. Finally, AMSR-based snow thicknesses over (thinner) first-year ice could complement the SMOSretrieved snow thicknesses over (thicker) multi-year ice.
